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PERFORMANCE AND POLLUTION MEASUREMENTS OF TWO-ROW

SWIRL-CAN COMBUSTOR HAVING 72 MODULES

by James A. Biaglow and Arthur M. Trout

Lewis Research Center

SUMMARY

A test program was conducted to evaluate the performance and gaseous-pollutant

levels of an experimental full-annulus 72-swirl-can combustor. Data were compared

with those for a previously tested 120-module swirl-can combustor. No significant dif-

ference in performance or levels of gaseous pollutants was detected. In addition, oxides

of nitrogen were correlated for the 72- and 120-swirl-can combustors by using a pre-

viously developed parameter.

The combustor average exit temperature pattern factors were 0.27 for simulated

takeoff (inlet-air temperature of 855 K, average exit temperature of 1465 K, and inlet

pressure of 62.0 N/cm2 ) and for simulated cruise (inlet-air temperature of 733 K, aver-

age exit temperature of 1488 K, inlet pressure of 62.0 N/cm 2 ). The emission index for

oxides of nitrogen was 12. 2 grams per kilogram of fuel at simulated takeoff and

8.17 grams per kilogram of fuel at simulated cruise. Unburned-hydrocarbon and carbon

monoxide levels were compatible with the combustion efficiencies, which were nominally

100 percent.

INTRODUCTION

This report presents performance and pollution data for a full-annulus two-row

swirl-can combustor having 72 swirl-can modules. -Previous test results for a three-

row swirl-can combustor having 120 modules (refs. 1 to 3) have shown a good potential

for reducing levels of combustor exhaust gas pollutants. In particular, emission-index

levels for oxides of nitrogen were 4. 5 and 13.6 grams of nitrogen oxide per kilogram of

fuel at inlet temperatures of 588 and 839 K, respectively. The fuel-air ratio was 0.025

with a nominal combustor inlet pressure of 62 newtons per square centimeter. Previous

work has also shown that emissions depend on the number of active modules and on the



geometry of the flame stabilizer (ref. 2).

Combustors for many future gas turbine engine cycles may not be as large in diam-

eter or hydraulic radius as those tested in previous work. The present investigation

was conducted, therefore, on a combustor having fewer modules and a smaller hydraulic

radius in order to evaluate what difference might be expected when the number of mod-

ules and the combustor size are changed. The annular height required for the modules

of the three-row 120-swirl-can combustor was 16.0 centimeters compared with

11.3 centimeters for the two-row test combustor. The two-row 72-swirl-can combustor

tests thus provided information on whether combustor performance values and gaseous

emission levels are comparable with those obtained for the previously tested combus-

tors. At the same time data were obtained to check a correlating parameter developed

in reference 4 for extrapolating the levels of oxides of nitrogen for swirl-can combus-

tors to different operating conditions. Also obtained was some design information re-

garding what type of swirl-can blockage is required and whether fuel scheduling to the

two combustor rows can be effectively utilized.

Test conditions for the 72-swirl-can combustors included simulated cruise and

takeoff conditions for a range of fuel-air ratios at inlet total pressures of 62 newtons

per square centimeter and inlet-air temperatures from 588 to 858 K. The design aver-

age exit temperature was 1477 K. All tests were performed with ASTM Jet A fuel.

APPARATUS

Combustor Design

The two-row 72-swirl-can test combustor is shown in figures 1 and 2. It is a modi-

fication of a previously tested 120-swirl-can combustor (ref. 1). The modification to

the 120-swirl-can design was achieved by the insertion of a new outer annulus liner that

eliminated 48 swirl cans from the burning zone. To minimize any distortion of airflow

to the outer liner cooling holes, the 48 fuel tubes, swirlers, and flame stabilizers were

removed. The resulting test combustor was a two-row design, having 40 swirl cans in

its outer row and 32 swirl cans in its inner row. The combustor was evaluated in the

same housing as that of the 120-swirl-can combustor. The combustor housing had an
outer diameter of 1.067 meters and an inner diameter of 0.54 meter and was 0. 514 me-
ter long. The inlet diffuser passage was 12.95 centimeters long and had an exit to inlet

area ratio of 1.2. Immediately downstream of the diffuser there was a sudden dump re-

gion in which the ratio of the annular flow area at the inlet plane of the swirl cans to the

diffuser exit area was 2.75.
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Module Design

The combustor module design is shown in figure 3. Each module premixes fuel

with air in the carburetor, swirls the mixture, stabilizes combustion in its wake, and

provides an interfacial mixing region between the bypass air through the array and the

hot gases in the wake of the module. Two flame-stabilizer designs were used in order

to provide equal blockage to the inner and outer rows of swirl cans. The design block-

age was 67.3 percent. The open area of the swirler was 1.81 square centimeters.

Figure 4 shows a typical mounting strut used to hold the swirl-can array in position.

Fuel was injected into the swirl cans by means of 0.475-centimeter-diameter fuel tubes.

The fuel tubes entered the swirl cans from the upstream side and terminated approxi-

mately 0.63 centimeter from the face of the swirlers.

Test Facility

The annular two-row 72-module swirl-can combustor was tested in a connected-

duct test facility. A line diagram of this facility and an isometric sketch of a typical

combustor installation are shown in reference 5. Airflow rates and combustor pres-

sures were regulated by remotely controlled valves upstream and downstream of the

test section. A more complete description of the test facility is included in reference 6.

Instrumentation

Combustor inlet pressures and temperatures were measured at the locations shown

in figure 5. Combustor exit total pressures and temperatures were measured in the

exit plane, at station 5, at 30 circumferential increments by equally spaced five-point

rotatable probes. Airflow rates were measured with an orifice installed with flange taps

according to ASME specifications. Fuel-flow rates were measured with turbine flow-

meters. Detailed descriptions of the traversing combustor exit probe and of the data

acquisition and recording system are contained in references 6 and 7. The combustor

exit thermocouples were high-recovery aspirating platinum-13-percent-rhodium -

platinum thermocouples (ref. 8, type 6).

Combustor exhaust gas samples were also obtained by using four fixed five-point

sampling probes, such as the one shown in figure 6(a). Figure 6(b) shows the circum-

ferential probe positions in the exit gas sample plane, at station 6. Facility limitations

prevented positioning the probes in four equal sectors of the exit plane. The exhaust

gas samples from the fixed probes were collected in a common line which was main-

tained at a minimum temperature of 422 K. The sample line was connected to an
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automated gas analyzing system (fig. 7). This system consisted of four separate in-

struments that measured concentrations of unburned hydrocarbons, carbon monoxide,

carbon dioxide, and oxides of nitrogen. Figure 8 shows a schematic diagram of the gas

analysis system. The unburned-hydrocarbon content of the gas sample was measured

by a flame ionization detector, while carbon monoxide and carbon dioxide concentra-

tions were determined by two nondispersive infrared analyzers. Oxides of nitrogen

were measured by a chemiluminescent analyzer. This instrument was capable of pro-

viding separate measurements of nitric oxide (NO) and total oxides of nitrogen (NO plus

nitrogen dioxide (NO 2)).

PROCEDURE

Test Conditions

Tests were conducted over a range of fuel-air ratios at combustor inlet tempera-

tures simulating takeoff for a 12:1-pressure-ratio turbofan engine and at climbout, take-

off, and cruise conditions for a high-pressure-ratio (30:1) turbofan engine. Combustor

descign and opertng conr,4ons am listed -1 table I.

For all design conditions, the combustor inlet total pressure was scaled down, be-

cause of facility limitations, to one-half of that required for a 12:1-pressure-ratio en-

gine and one-fifth of that required for a high-pressure-ratio (30:1) engine. However,

combustor inlet-air temperatures were maintained at the required condition while ref-

erence velocity was maintained at sufficiently high levels to produce a minimum com-

bustor total-pressure loss of 4.0 percent. The combustor design average exit tem-

perature was 1477 K.

Calculations

Combustion efficiency from exit temperature. - Efficiency was determined by di-

viding the measured temperature rise across the combustor by the theoretical temper-

ature rise. The exit temperatures were mass weighted for the efficiency calculation by

the procedure given in reference 7. In each mass-weighted average, 585 individual exit

temperatures were used.

Combustion efficiency from gas analysis. - Efficiency was determined from gas

analysis by using the following equation:

EICOgs = 100 - 0.1 EI 42.7
gs HC 42.7
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where EIHC and EICO are the emission indices in grams per kilogram of fuel for un-
burned hydrocarbons and carbon monoxide, respectively.

Reference velocity and Mach number. - Reference conditions were based on the
total airflow, the inlet-air density at the total pressure and temperature at the diffuser
inlet, and the reference area of 3992 square centimeters. The reference area was
measured at the point of maximum difference in diameters between the outer and inner
cooling liner.

Total-pressure loss. - Combustor total-pressure loss was calculated as the dif-
ference between 40 mass-averaged total pressures measured upstream of the diffuser
inlet and 585 mass-averaged total pressures measured at the combustor exit divided by
the mass-averaged upstream total pressure. Therefore, the combustor total-pressure
loss includes the diffuser loss.

Diffuser inlet Mach number. - Diffuser inlet static pressure and total temperature,
total airflow, and inlet annulus area (1182 cm 2) were used for calculating the inlet Mach
number.

Radial profile factors. - The radial profile of exit temperature was established from
the circumferential average of the temperature at each radial position and was plotted as
a deviation from the average exit temperature as a function of radial position. To detect
temperature nonuniformities which may not be evident in the average radial profile,
three temperature profile quality factors were calculated: exit temperature pattern
factor 6, stator factor 6stator , and rotor factor 6rotor'

The exit temperature pattern factor 6 was used to reflect the magnitude of nonuni-
formity caused by the maximum local temperature. This factor was defined as

T -T
= max av (1)

AT
av

where Tmax is the maximum individual exit temperature, Tav is the mass-weighted
average exit temperature, and ATav is the temperature difference between the mass-
weighted average exit temperature and the average inlet temperature. To measure the
magnitude of temperature nonuniformity which affects turbine stator vanes, a stator
factor 6stator was defined as

(Tr, max - Tr, design)
6 maxstator (2)

AT
av

To measure the magnitude of temperature nonuniformity which affects turbine rotor
blades, a rotor factor 6rotor was defined as
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Tr,ay - Tr, design)max
6rotor AT (3)

In these equations, Tr,max is an individual maximum radial temperature, and Tr,av
is an average radial temperature which, when compared with the corresponding design

radial average temperature Tr,design yields the maximum positive temperature dif-

ference and the largest radial profile factor.

Exhaust gas concentration. - The concentrations of measured exhaust gases inparts

per million (ppm) were converted to a wet basis, as proposed in reference 9, and re-

corded in terms of an emission index parameter EI. The emission index was deter-

mined from the following equation:

E mx 1 + f Xx10-3
m E f

where

EI. emission index, g,/kg of fuel burned

mx molecular weight of x

mE average molecular weight of exhaust gas

f metered fuel-air ratio

X measured concentration of x, ppm

In addition to determining the emission index, a ratio of gas sample fuel-air ratio (as

determined by concentrations of carbon monoxide and unburned hydrocarbons) to meas-

ured fuel-air ratio was calculated as a check of sample validity.

Units

The U.S. customary system of units was used for primary measurements and cal-

culations. Values were converted to SI units (Systeme International d'Unites) for re-

porting purposes only. When the conversions were made, consideration was given to

implied accuracy, so that some of the values expressed in SI units were rounded off.
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RESULTS AND DISCUSSION

The two-row 72-swirl-can combustor performance data, including exit tempera-

ture, pressure loss, combustion efficiency determined on the basis of temperature rise,
and pattern factor, are presented in table II. Concentrations of exhaust emissions and

combustion efficiency based on exhaust gas analysis are presented in table III. Signifi-

cant performance characteristics of this combustor are discussed in this section.

Combustion Efficiency

Good agreement was obtained between the combustion efficiencies determined by

exit thermocouple measurements and exhaust gas analysis. Differences between the two

efficiencies did not exceed 4 percent. However, the combustion efficiency based on ex-

haust concentrations of carbon monoxide and hydrocarbons was considered to be more

accurate, and this efficiency is therefore used throughout the report. The combustion

efficiency data at an inlet pressure of 62 newtons per square centimeter and inlet-air

temperatures of 588, 733, 825, and 858 K were all nominally 100 percent.

Total-Pressure Loss

Combustor total-pressure loss, over a range of fuel-air ratios, varied from a low

of 3.81 percent at a fuel-air ratio of 0.015 to a high of 5.79 percent at a fuel-air ratio

of 0.0234 at an inlet-air temperature of 588 K and reference velocities between 23.0

and 27.3 meters per second. The isothermal total-pressure loss was 3.41 percent at

an inlet-air temperature of 588 K and a reference velocity of 23.3 meters per second.

Exit Temperature Distribution

The combustor exit temperature distribution pattern factor for the simulated climb-

out, takeoff, and cruise conditions for the 30:1-pressure-ratio engine was nominally

0.27 at an average exit temperature of 1477 K. The pattern factor for simulated takeoff

(588 K inlet-air temperature) for the 12:1-pressure-ratio engine was nominally 0.31.

The slightly lower pattern factor for the 30:1-pressure-ratio engine at simulated climb-

out, cruise, and takeoff conditions was achieved by providing 5 percent more fuel flow

to the outer row of swirl cans. This fuel staggering reduced the hub temperatures and

produced a better average radial exit temperature profile. As an example of the typical

average radial exit temperature profiles obtained for all design conditions, the average
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radial temperature profiles for a simulated cruise and a simulated takeoff run of the

30:1-pressure-ratio engine are plotted against a desired profile in figure 9. The maxi-

mum individual (local) temperatures at each radial position are also shown in this fig-

ure. Agreement between the actual and desired radial profiles was good. For the

cruise run (fig. 9(a)) the maximum average radial profile temperature difference from

the design profile was 35 K and corresponded to a rotor factor of 0.05. The maximum

individual (local) temperature difference from the desired profile was 201 K and cor-

responded to a stator factor of 0.27. For the takeoff run (fig. 9(b)) the maximum aver-

age radial profile temperature difference was 15 K, which produced a rotor factor of

0. 02. The maximum individual (local) temperature difference was 162 K, which pro-

duced a stotor factor of 0. 27.

Exhaust Emissions

A summary of the combustor exhaust gas emissions is presented in table III. The

data cover a variety of exit temperatures for inlet-air temperatures from 588 to 858 K.

The gaseous exhaust emissions for nitric oxide, total oxides of nitrogen (NO plus NO 2),
unburned hydrocarbons, carbon monoxide, and carbon dioxide are presented in terms of

an emission index (grams of pollutant per kilogram of fuel) and parts per million by vol-
ume). Included in the table as a check of sample validity are ratios of the fuel-air ratios

as determined from exhaust emissions and as determined from separately measured

flow rates of air and fuel.

Oxides of nitrogen. - The measured values of emission index for oxides of nitrogen

(NO plus NO 2) varied from 4.84 grams of NO 2 per kilogram of fuel at an inlet-air tem-

perature of 588 K and an average exit temperature of 1469 K to 14.2 grams of NO 2 per

kilogram of fuel at an inlet-air temperature of 859 K and an average exit temperature of

1501 K. Figure 10 shows the effect of increasing fuel-air ratio on the oxides-of-nitrogen

emission index at various inlet-air temperatures and reference velocities. The trends

of emission index values decreasing at higher reference velocities for a given inlet-air

temperature and increasing at higher inlet-air temperatures agree with previously re-

ported trends (refs. 2 and 5).

Unburned hydrocarbons. - The emission index for unburned hydrocarbons is plotted

in figure 11 for inlet-air temperatures of 588 and 733 K. The emission index varied
from a high of 12. 5 grams per kilogram of fuel at an inlet-air temperature of 588 K and

a fuel-air ratio of 0.0155 to a low of 0.08 gram per kilogram of fuel at an inlet-air tem-

perature of 733 K and a fuel-air ratio of 0. 0222. Emission-index data for inlet-air
temperatures of 825 and 858 K are listed in table III and did not exceed 0.14 gram per
kilogram of fuel. The concentrations of unburned hydrocarbons followed the trends of
previous swirl-can data (ref. 2). They increased with increasing reference velocity and
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decreased with increasing fuel-air ratio and inlet-air temperature.

Carbon monoxide. - The emission index for carbon monoxide is shown in figure 12.

The data followed the same trend as those for unburned hydrocarbons: values increased

with reference velocity and decreased with fuel-air ratio and inlet-air temperature.

The highest emission-index value for carbon monoxide was 88.8 grams per kilogram of

fuel, at a fuel-air ratio of 0.0155 and an inlet-air temperature of 588 K. The lowest

emission-index value was 1.2 grams per kilogram of fuel at a fuel-air ratio of 0.0192

and an inlet-air temperature of 859 K.

Sample validity. - Measured values of carbon monoxide, carbon dioxide, and un-

burned hydrocarbons were used to determine a gas sample fuel-air ratio (f/a)gs. These

values were compared with fuel-air ratios determined from measured flow rates of fuel

and air. Agreement between the two fuel-air ratios would indicate how well the gas

sampling probe was obtaining a representative sample of exhaust products. The four

fixed sample probes yielded gas sample fuel-air ratios 7 to 12 percent less than the

measured fuel-air ratios.

Comparison With Previous Work

Combustor design. - The two-row 72-swirl-can combustor, besides having 48 fewer

modules than the 120-swirl-can combustor, contained two other major design differ-

ences: (1) the combustor length-diameter ratio was increased from 1.80 to 2.55, and

there was a corresponding decrease in combustor volume from 0.122 to 0.094 cubic

meter; and (2) the flame-stabilizer plates were changed from star-shaped and hexagonal

to trapezoidal.

The effect of reducing number of modules and combustor volume mainly influenced

the required fuel flow per module and the combustor space rates. For example, for the

72-module combustor the fuel flow rate per module was 4.36 kilograms per hour and

the space rate was 2.37x10 5 J/(hr)(cm)(atm) at design conditions (inlet total pressure of

62 N/cm 2 , inlet-air temperature of 588 K, reference velocity of 24.6 m/sec, and fuel-

air ratio of 0.026). For the 120-module combustor the fuel flow rate per module was

23 percent lower (3.54 kg/hr) and the space rate was 4.1 percent higher (2.46x105 J/(hr)

(cm)(atm)) at the same conditions. In order to compensate for the larger module fuel

flows required by the test combustor, the flame-stabilizer area was increased to pro-

vide 67.3 percent blockage. Flame-stabilizer blockage for the 120-swirl-can combustor

varied from 47.8 to 63.5 percent. The larger blockage would force more air through

the module swirlers and compensate for their higher fuel flows while producing better

mixing. The nominal difference in space rates between the combustors was not expected

to affect the performance of the test combustor greatly, and no change was made to

compensate for it. The trapezoidal shape of the flame stabilizers was chosen to provide
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a better controlled blockage arrangement and to prevent excessive airflow to the hub and

tip regions of the combustor.

Combustor performance. - The test combustor produced results similar to those ob-

tained with the 120-module combustor. An exception was combustor total-pressure loss.

The isothermal pressure loss for the test combustor is shown in figure 13. The high

losses were expected because of the larger blockage area of the test combustor. Com-

bustion efficiencies for the range of test conditions for the 72- and 120-module combus-

tors were nominally 100 percent. The pattern factor for the 72-module swirl-can com-

bustor ranged from 0.27 to 0.32. The pattern factor for the 120-module swirl-can com-

bustor varied from 0.25 to 0.32. The slightly higher pattern factors for the 72-module

combustor were attributed to the module number and spacing irregularities between the

two combustor rows. There were 40 modules in the outer row and 32 in the inner row.

These irregularities made it difficult for modules in line and out of line with each other

to receive the same mixing and airflow distribution. Elimination of these irregularities

by using a more uniform module distribution per row should help in achieving even bet-

ter pattern factors.

Combustor emissions. - Combustor emissions for the 72- and 120-swirl-can com-

bustors at similar inlet conditions and reference velocities are compared in figure 14.

The emission index for unburned hydrocarbons, carbon monoxide, and oxides of

nitrogen is plotted against combustor average exit temperature. The emission-index

values for unburned hydrocarbons in figure 14(a) show a decrease as the number of

modules is reduced from 120 to 72, particularly at high exit temperatures. For a com-

bustor exit temperature of 1400 K the emission index for the 72-module combustor is

1.05 grams per kilogram of fuel compared with 3.15 grams per kilogram of fuel for the

120-module combustor. However, when the 72-module combustor is compared with the

120-module combustor with only 104 of its modules lit, there is little difference in hy-

drocarbon emission index. The lack of any difference may be attributed to higher fuel-

flow rates to the 104 modules which produce the same overall fuel-air ratio as obtained

when 120 modules are used. Reducing the number of modules below a certain level will

not necessarily reduce the unburned hydrocarbons if the flame-stabilizer geometry is

optimized for a given fuel-air ratio. This may explain why there was no further reduc-

tion in unburned-hydrocarbon emissions with the 72-module combustor.

The emission index for carbon monoxide is plotted in figure 14(b). There does not

seem to be as significant an effect of number of modules as in the hydrocarbon data.
However, whether it was a number of modules of a flame-stabilizer effect, the differ-

ences between unburned-hydrocarbon and carbon monoxide emissions for the 120- and
72-module combustors did not produce more than a 0.5-percent change in combustor

efficiency.

The oxides-of-nitrogen emission-index values for the 72-module combustor are
plotted in figure 14(c) along with values obtained at similar conditions for the 120-module
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combustor. No significant differences are noted in the emission-index values for either

combustor. However, the reference velocities of the 72-module combustor are slightly

higher than those of the 120-module combustor. Since increasing reference velocity is

known to decrease the oxides of nitrogen, the actual values at identical conditions would

be slightly higher for the 72-module swirl-can combustor.

Oxides of nitrogen correlating parameter. - The oxides-of-nitrogen emission-index

values for the 72-module combustor are plotted in figure 15 against the correlating pa-

rameters of reference 4. Included in this figure are the 120-module data from figure 14

obtained at similar inlet test conditions. These data also fit the correlation reasonably

well.

SUMMARY OF RESULTS

An annular 72-module swirl-can combustor was evaluated with ASTM Jet A fuel.

Pollution and performance data were obtained at inlet-air temperatures corresponding

to takeoff and cruise for 30:1-pressure-ratio engines and takeoff for 12:1-pressure-

ratio engines. All tests were conducted at inlet total pressures of 62.0 newtons per

square centimeter. Data were compared with those for a previously tested 120-swirl-

can combustor. The following results were obtained:

1. For simulated takeoff and cruise conditions the pattern factor for average exit
temperatures of 1465 to 1488 K was 0. 27.

2. Radial average exit temperature profiles for simulated takeoff and cruise were

within 15 to 38 K of the desired profile.

3. Computed combustion efficiencies, obtained from exhaust gas analyses, were

nominally 100 percent.

4. At simulated takeoff (inlet temperature for 30:1-pressure-ratio engine) the

maximum oxides-of-nitrogen emission index was 12.2 grams per kilogram of fuel at an

average exit temperature of 1465 K. At simulated cruise (inlet temperature-for 30:1-
pressure-ratio engine) the maximum oxides-of-nitrogen emission index was 8.17 grams

per kilogram of fuel at an exit temperature of 1488 K.

5. Comparison of emission-index values for carbon monoxide and unburned hydro-

carbons with values for the 120-module combustor showed a nominal increase of up to
0.5 percent in combustion efficiency for the 72-module test combustor. Oxides of nitro-

gen showed no significant change.
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6. Oxides of nitrogen for the 72- and 120-swirl-can combustors were correlated by

using a previously developed parameter.

Lewis Research Center,

National Aeronautics and Space Administration,

Cleveland, Ohio, September 19, 1974,
501-24.
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TABLE I. - NOMINAL DESIGN CONDITIONS

[Combustor inlet pressure, 62. 0 N/cm 2 .]

Design con- Combustor inlet- Combustor refer-

dition air temperature, ence velocity,

K m/sec

Takeoff, 588 23 to 27

12:1 engine

Cruise, 733 27.0

30:1 engine
Climbout, 825 30 to 33. 0

30:1 engine
Takeoff, 858 30 to 33. 0

30:1 engine
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TABLE II. - COMBUSTOR PERFORMANCE DATA

Design con- Total Average Airflow, Diffuser Reference Measured Mass- Pattern Stator Rotor Nominal combustor Combustor Combustor

dition pressure, inlet W, inlet velocity, fuel-air weighted factor, factor, factor, fuel flow split, pressure thermocouple

P3' temper- kg/sec Mach Vref, ratio, average 6 
6

stator 
6
rotor Percent to outer row (AP/P) x 100, efficiency,

N/cm
2  

ature, number, m/sec (f/a)m exit tem- Percent to inner row percent 7,

T3 , M 3  perature, percent

K K

Takeoff, 62.40 586 34. 46 0. 166 23. 34 ------ ---- ---- ---- ---- 3.41

12:1 engine 62.87 584 34.34 .164 23.04 0.0151 1134 0.31 0.34 0.07 55/45 3.81 101.00

62.22 584 35.03 .164 23.05 .0183 1252 .31 .33 .04 4.05 101.92

62.50 592 34.22 .165 23.27 .0212 1340 .30 .34 .03 4.01 101.80

62.53 592 34.64 .165 23.29 .0212 1344 .29 .32 .02 4.05 101.48

62.64 593 34. 11 .164 23.27 .0232 1412 .30 .35 .04 4.00 101.11

62.58 593 34.02 .165 23.29 .0252 1462 .31 .36 .06 4.02 100.70

62.60 594 33.67 .165 23.32 .0252 1464 .31 .34 .06 3.98 100.92

61.85 588 38.82 .193 27.10 .0155 1147 .31 .33 .06 5.28 100.31

62.87 591 38.72 .190 26.68 .0184 1245 .31 .33 .04 5.12 100.57

62.37 584 39.43 .191 26.70 .0214 1338 .30 .32 .03 5.36 100.79

61.07 585 40.69 .196 27.31 .0234 1400 .30 .31 .04 5.79 100.74

61.30 586 39.65 .195 27.16 .0257 1469 .31 .30 .06 5.61 100.19

61.67 587 .39.73 .195 27.33 .0254 1461 .31 .29 .06 5.62 100.50

61.99 585 38.84 .195 27.21 .0256 1460 .31 .27 .09 5.46 99.88

Cruise, 62.71 734 31. 85 0. 173 26.98 0.0145 1244 0.28 0.28 0.07 55/45 4.27 101. 19

30:1 engine 61.80 738 32.07 .179 28.00 .0181 1366 .29 .28 .05 55/45 4. 56 101.05

61. 55 739 31.53 .179 27.95 .0233 1492 .29 .29 .03 55/45 4.51 100.35

61.84 740 32.24 .179 27.97 .0222 1488 .27 .27 .05 60/40 4.58 100.22

Climbout, 61.80 838 31.29 0. 191 31.63 0.0155 1363 0.31 0.38 0.06 55/45 4.93 99.61

30:1 engine 63.72 829 31.83 .182 30.02 .0187 1457 .32 .31 .06 55/45 4.70 100.53

61.93 828 32.32 .188 31.07 .0187 1458 .28 .27 .02 60/40 4. 91 100.39

Takeoff, 62.92 859 37.02 0. 197 29.20 0.0151 1375 0.27 0.34 0.08 60/40 5.21 100.89

30:1 engine 63.18 857 32.57 .196 32.74 .0182 1465 .27 .27 .02 60/40 5.05 99.92

62.14 860 28.87 .177 29.71 .0192 1501 .29 .29 .02 60/40 4.11 100.23

61.68 859 28.97 .179 30.13 ------ ---- -- ---- ----- 3.77



TABLE III. - COMBUSTOR GASEOUS EMISSION DATA

Design con- Oxides of ni- Nitric oxide Unburned hy- Carbon mo- Carbon dioxide Ratio of gas Combustor gas

dition trogen, drocarbons noxide sample to analysis effi-
g CO 2  measured ciency,

NO x = N O + N O 2 ppm gfue gCH ppm

g N2  kg fuel m C pm g CO kg fuel fuel-air ratio, 7 gs'
ppm ppm (p

PM 2 kg fuel kg fuel (f/a) percent
ppm

kg fuel (f/a)m

Takeoff, 25.7 2.76 8.0 0.06 316.6 10.36 1114 72.8 27 132 2786 0.93 97.30

12:1 engine 43.6 3.86 20.0 1.78 130.5 3.50 953 51.4 32 589 2763 .90 98.90

65.1 5.00 43.0 3.30 38.6 .90 640 30.0 37 523 2763 .89 99.20

63.1 4.85 41.0 3.10 44.7 1.00 709 33.2 38 481 2830 .91 99.10

73.6 5.18 55.0 3.86 23.3 .50 455 19.5 42 925 2892 .92 99.49

85.8 5.57 68.0 4.42 11.2 .20 304 12.0 45 468 2825 .90 99.70

86.3 5.61 68.0 4.42 10.4 .20 290 11.5 45 381 2821 .90 99.70

32.7 3.42 8.0 .92 398.0 12.60 1393 88.8 26 784 2683 .91 96.66

41.0 3.63 13.0 1. 16 207.0 5.55 1284 69.2 32 253 2731 .90 97.82

55.0 4. 19 41.0 3.12 100.7 2.32 950 49.1 38-032 2771 .90 98.74

64.5 4.51 56.0 3.93 50.8 1.07 739 31.4 41 458 2770 .89 99.16

76.1 4.84 53.0 3.14 30.1 .58 498 19.3 45 785 2784 .89 99.49

74.0 4.77 53.0 3.42 27.0 .53 464 20.6 45 119 2784 .89 99.51

73.7 4.72 54.0 3.37 30.7 .60 491 19.1 45 575 2791 .89 99.49

Cruise, 65.0 7.26 40.0 4.46 21.4 0.72 457 31.1 45 986 2776 0.89 99.20

30:1 engine 93.7 8.41 80.0 7.19 5.2 .14 170 9.3 32 766 2811 .89 99.77

123.0 8.98 112.0 8.15 4.1 .09 56 2.5 39 937 2790 .88 99.93

123.3 9.05 112.0 . 8.17 3.6 .08 50 2.2 40 372 2836 .89 99.94

Climbout, 103.5 10.78 87.0 9.30 4.3 0. 14 277 17.6 29 210 3126 0.93 99.20

30:1 engine 135.5 11.81 127.0 11.08 4.1 .11 80 4.2 34 672 2889 .92 99.89

133.0 11.54 127.0 11.00 4.3 .11 116 6.1 34 313 2847 .90 99.84

Takeoff, 110.9 11.88 100.0 10.70 4.0 0. 13 82 5.9 27 759 2845 0.90 99.86

30:1 engine 143.4 12.78 135.0 12.02 4.0 . 1-1 32 1. 7 33 535 2859 .90 99.95

168.1 14.20 154.0 13.00 4.1 .10 23 1.2 34 498 2788 .88 99.96

tn'



51.4 ,

Fuel inlet-

,-Igniter

r 48 Unused Diam,
L modules 106.2

Diffuser - 72 - Mod u le a r r ay  Diam
inserts-/9

Diam, Diam, D
71.1 81.0 Diam,69.8

11.4 Diam,
54. 4

Figure 1. - Cross section of two-row 72-swirl-can combustor. (Dimensions are in centimeters. )
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...... e r . ro w sw ir .c a

(a) View showing 72-swirl-can array with liners in place.

Row of 48 unused swirl cansRoto

C-73-1'290

(b) View showing locations ot 48 unused swirl cans with liners removed.

Figure 2. - End views of test combustor.
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Fuel inlet

Air inlet - -

Carburetor Swirler
Flame " 200\
stabilizer

6. 09 4. 16

3.81 1.01 5.08 5.66

3.96- 1
S2.84-- - _ 5.79

Outer-row Inner-row
flame stabilizer flame stabilizer

Figure 3. - Combustor module details. (Dimensions are in centimeters.)

C-73-4126
Figure 4. - Typical mounting strut and fuel injection lines.
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Gas sampling
location,
station 6-

Exit plane, station 5;
T5, P5, and P5--.

629 20. 3

51.4rlnlet-air I1.4
/ temperature, T3  Inlet-air

__.85- pressures,

28P3 3 

Air
inlet

'Inlet struts

centerbody

149. 1

CD-11722-33

Figure 5. - Combustor housing, test section, and axial locations of instrumentation. (Dimensions are in centimeters. )
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Cooling
water in

rGas sample

2out

r-Samplgmg water out

'-Water-cooled

C-72-2826

(a) Probe.

Top

Probe 1

420

(b Fixed probe positions.

Figure 6. - Gas sampling probe and positions in combustor.
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Carbon monoxide analyzer

Figure 7. - Gas sampling instrument console.

Two five-point Control-room
water-cooled typewriter
sampling probes terminal

Bypass n-line
Heated I w vent
lineDual- Dual-

Flow Bypass channel channel
flowmeter recorder recorder

Indicating Indicating Indicating Indicating
meter meter meter meter

Control Hydrocarbon Carbon monoxide Carbon dioxide] Oxides-of-nitrogen
valveanalyzer analyzer analyzer analyzer

thermocouple

Figure 8. - Schematic diagram of gas analysis system.
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O Average radial temperature
O Maximum individual radial temperature

Design radial profile
1 0 0 Z

'-Tip O O O

80 -

O 0

40-
O 0

C I I Il I
-100 0 100 200 300 -100 0 100 200 300

Deviation from average exit temperature, K

(a) Simulated cruise condition; inlet-air tem- (b) Simulated takeoff condition; inlet-air tem-
perature, 733 K; average exit temperature, perature, 860 K; average exit temperature,
1488 K; reference velocity, 31.4 meters per 1465 K; reference velocity, 33. 3 meters per
second, second.

Figure 9. - Typical radial exit temperature profile characteristics. Inlet ttal nr r - -

62. n0 nn tns per square cei iimeter.

16 Nominal Nominal
reference inlet-air
velocity, temperature,

14 - misec K

O 27.2 588
O 28.0 783

Z iS 32.6 858
312 29.9 858

C 10

E

S 8-

6

4-

.014 .016 .018 .020 .022 .024 .026
Fuel-air ratio

Figure 10. - Effect of fuel-air ratio on oxides of nitrogen at various
inlet-air temperatures and reference velocities. Nominal inlet
total pressure, 62.0 newtons per square centimeter.
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16-
Nominal Nominal

reference inlet-air
velocity, temperature

14 - mlsec K

O 23.1 588
O 27.2 588
a 26.8 733

R 12 0 28.0 733

S8-

6

54

2-

.014 .016 .018 .020 .022 .024 .026
Fuel-air ratio

Figure 11. - Effect of fuel-air ratio on unburned-hydrocarbon
emissions at various inlet-air temperatures and reference
velocities. Nominal inlet total pressure, 62.0 newtons per
square centimeter.
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90

Nominal Nominal
reference inlet-air
velocity, temperature,

80 mlsec K

0 27.2 588
O 28.0 733

70 A 32.6 858
0 29.9 858

60

50

8 400

30

10

C I I
.014 .016 .018 .020 .022 .024 .026

Fuel-air ratio

Figure 12. - Effect of fuel-air ratio on carbon monoxide emissions at
various inlet-air temperatures and reference velocities. Nominal
inlet total pressure, 62. 0 newtons per square centimeter.
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5-
Number

of modules

0 72
O 120

S4-

3

E

21

.1 .2 .3
Combustor inlet Mach number

Figure 13. - Isothermal pressure loss at various inlet Mach numbers. Inlet-air
temperature, 584 K; inlet total pressure, 62.5 newtons per square centimeter.
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14-

Number Nominal
of modules reference

velocity,
12 msec

S---0---- 120 26.0
72 27.0

S10 \-- -- 104 26.0

. 8\

G 6

4-

2

(a) Unburned hydrocarbons.
80

r
Number Nominal

of modules reference
70- velocity,

mlsec

--- 120 22.9
S 72 23.3

60-

50
50

'E °

20 -_._

10-
1o I I I I l I II
1100 1150 1200 1250 1300 1350 1400 1450 1500 1550

Combustor average exit temperature, K

(b) Carbon monoxide.

Figure 14. - Comparison of emission data for two-row swirl-can combustor with previously obtained
data for three-row swirl-can combustor. Inlet-air temperature, 588 K; inlet total pressure,
62. 0 newtons per square centimeter.
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Number Nominal
of modules reference

6 velocity,
mlsec

3- -- 0 120 22.9
---- 120 25.9 O ,-

3-
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Combustor average exit temperature, K

(c) Oxides of nitrogen.
Figure 14. - Concluded.
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Figure 15. - Oxides -ofof -nitrogen correlation by parameter from reference 4.
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